Calculations were made on a variety of models to determine to what extent placental structure (vascular geometry and permeability) and placental function (rate and evenness of distribution of fetal and maternal blood flows, and presence of nonexchanging shunts) affect the rate of diffusional exchange across the placental barrier. The results of the calculations are given in the form of a graphical relationship between three dimensionless variables defined in the text. It is shown that experimentally measured transfers can also be represented in this form and thus compared to transfers that are theoretically predicted. The results indicate that biologically probable degrees of regional variation in permeability are harmless, but that this is not true of uneven distributions of maternal-fetal blood flow ratios. They further show that the relative magnitudes of blood flows through nonexchanging shunts can be found by extrapolation of experimental data obtained with substances whose transfers are entirely flow limited, but that the use of such substances cannot help to separate the effects on placental exchange due to vascular geometry from those due to uneven distribution of flow ratios. Methods are indicated with which the value of the placenta] permeability can be assessed experimentally under various conditions.
• The placenta separates the maternal and fetal blood stream and allows solutes to move from one stream to the other by diffusion through the placental barrier. In the past, several authors have treated the physics of this exchange on the basis of simplifying assumptions (1) (2) (3) (4) (5) (6) . Many of these assumptions which reduced the placenta to some form of ideal exchanger are now known or suspected to be substantially incorrect. The calculations reported in this paper show to what extent deviations from some of these idealizations affect the exchange function of the placenta. The following pages present a simple graphical analysis by which the results of these calculations and observations made on living placentas may be compared.
The analyses made heretofore (1-6) generally assumed the following either explicitly or implicitly:
1. A single pair of a maternal vessel and a fetal vessel of known anatomical configuration is representative of the placenta as a whole. This assumption is valid only if all of the following requirements are satisfied:
(a) Each vessel pair receives the same fractions of the total maternal and the total fetal blood flows.
(b) The fraction of the total permeability of the placenta allocated to each vessel pair is equal to the fractions of the total blood flows allocated to that pair.
(c) The anatomical configurations of all vessel pairs are the same.
(d) There are no nonexchanging shunts 222 FABER in either the maternal or the fetal circulation.
(In practice, it is convenient to specify this as a separate condition, although it is covered already by the preceding requirements).
2. The rate of diffusional exchange at any point along the vessel pair is proportional to the permeability of the placental barrier and to the difference in concentration in the bloods on either side of the placental barrier. This assumption is valid only if all of the following requirements are satisfied:
(a) There is a steady state of exchange.
(b) There is no consumption, production, or leak of the substance under consideration.
(c) There is instantaneous mixing in the cross-sectional planes of the vessels.
(d) Blood is a homogenous fluid with respect to solubility and diffusibility of the substance under consideration.
(e) There is no transport by filtration, that is by bulk flow of water, across the barrier.
3. At any point along a vessel pair, the rate at which a substance crosses the barrier is equal to the distance rate of change of the concentration of that substance in the plasma (measured along the vessel) multiplied by the rate of flow in that vessel. This assumption includes the requirement that there is no diffusion of the substance along the axis of the vessels. 4 . If a substance exists in blood in physical solution, and also bound to a nonpermeable blood constituent (e.g. hemoglobin), the concentration of that substance in the form of physically dissolved material and the total content per unit volume blood are a constant multiple of each other, during passage through the placenta. The assumption of proportionality can be dropped if the relationship between concentration in physical solution and the content of bound exchangeable substance is known. The ensuing complications are so great, however, that on this basis alone substances such as oxygen are very unsuitable for the investigation of placental exchange mechanisms.
5.
The exchangeable substance in the barrier may be present in only one form. (For instance, no carrier-mediated diffusion is allowed).
Exchange in placentas in which all of the above requirements are satisfied will be called 'ideal' or 'perfect'.
In the calculations that follow, the treatment is restricted to a steady state of exchange thus satisfying assumption 2(a), even though special precautions need to be taken to assure its validity in experimental study of the placenta (6, 7) . Assumption 2(b) can be satisfied if the treatment is restricted to the transfer of inert gases. Assumption 2(c) is very probably correct in view of the vigorous mixing of blood during its passage through capillaries as demonstrated by Prothero and Burton (8) , and so is assumption 2(d) if we restrict ourselves to inert substances that rapidly penetrate red cells or do not penetrate at all. Although assumption 2(e) has never been verified, no measurable filtration of fluid was ever observed in our placental perfusion experiments, as evidenced by equal inflow and outflow hematocrits. Even if some bulk flow of plasma or ultrafiltrate occurs across the placental barrier, the contribution of this mechanism to the transport of the more permeable substance-all lipid soluble substances and all lipid insoluble substances of molecular weight up to at least 100 (9)-must be small.
Assumption 3 can be tested if the coefficient of diffusion (in blood) of a material and the length of the placental capillaries and velocity of blood flow in them are approximately known. In rabbit placentas we calculated that the disturbance of the longitudinal gradient in the capillary by intracapillary diffusion from the arterial to the venous end was negligible, and this is probably generally true of placentas, unless the capillaries are extremely short and perfused at an extremely low velocity.
Assumptions 4 and 5 can be satisfied if the calculations are restricted to unbound substances.
The calculations that follow evaluate some deviations from the assumptions numbered PLACENTAL TRANSFER 223 l(a) through l(d). In view of the above, the results may be applied to the transfer of inert, lipid-soluble materials and inert small molecular lipid-insoluble substances but not to the transport of O,>, CO, and CO,, unless the deviations from assumptions 2 through 5 are kept in mind.
The experimental information which is available to the investigator is assumed to be limited to the concentrations of an indicator substance in the maternal and fetal arterial and venous bloods and to the rates of blood flow through the uterine and umbilical circulations.
The calculated relations between arterial and venous concentrations, maternal and fetal blood flows, and placental permeability will be expressed as relationships between three dimensionless variables named T M (a maternal "transport fraction"), T F (a fetal "transport fraction"), and d (a "permeability variable"). These are defined by:
where C = concentration [Lr s ] of substance in physical solution (not content). Whether millimoles are or are not considered to be a dimension is of no consequence in the present context; we have assumed millimoles not to have a dimension. Superscripts M, F, a, and v refer to maternal, fetal, arterial blood, and venous blood, respectively, p = permeability of the placenta [L 3 "t" 1 ]. / = ratio between the total amount of exchangeable material contained in a unit volume of blood and the amount of material physically dissolved in a unit volume of water, (dimensionless). Q = rate of blood flow [U-t-1 ]. 1 1 The notation differs from the notation accepted by respiratory physiologists. Gases comprise only a minority among the inert substances of interest in placental physiology, and expression of gas concentrations and diffusing capacities in terms of partial gas pressures is confusing when gas transfer and the transfer of non gases are considered together. Hence our use of C for concentration (in millimoles per Circulation Research, Volume XXIV, February 1969 In other publications from our laboratory, the superscript M is sometimes dropped. Whenever no superscript is indicated, an M may be assumed (6) . In the defining equations of all dimensionless variables, T, K, (see below), and d, the superscripts M and F may be interchanged, e.g. d F = p/Q F */ p .
The transport fractions are measures of the degree to which the venous effluent has approximated the concentration of the arterial blood in the opposite circulation. The transport fractions cannot, therefore, be less than zero (zero, if no change in concentration occurred during passage through the placenta) or greater than one (one, if the venous effluent has achieved the same concentration as that in the arterial blood of the opposite circulation). The degree of equilibration depends on the rate at which blood is pumped through the placenta. In general, the higher the rate of blood flow the less opportunity exists for equilibration. However, the greater the permeability, the greater will be the degree of equilibration achieved. It can be shown that the effects on equilibration due to changes in blood flow and changes in permeability are commensurate and that the influence of these factors can be expressed by their ratio: the permeability divided by the rate of flow. This is reflected in the definition of d. The computed exchanges will be represented graphically by a plot of T M versus T F as a function of d.
The factor / is dropped as we will restrict ourselves to inert materials that have a plasma red cell partition coefficient of one. If f does not equal one, the proper correction can be made by substituting Q • / for Q wherever Q occurs. In a steady state of exchange in an ideal placenta, the rate at which material is lost from one circulation is equal to the rate at which it is recovered in the unit volume) and p for permeability (millimoles transferred across the barrier per unit time, per millimole per unit volume mean concentration difference). Superscripts are used to specify anatomical location and subscripts to specify the substance under consideration. This usage avoids the need for differently sized capitals or sub-subscripted variables.
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other circulation, so that
If we define a "flow ratio", R, by
The loci of constant flow ratios on a plot of T M versus T F are straight lines having slopes R radiating from the origin of the diagram. These lines of constant R are indicated in all of the diagrams that follow. Figure 1 illustrates the flow patterns of the exchangers that will be considered below. The physical equations that govern mass transfer in ideal examples of these models can be found in the engineering literature on heat and mass transfer and in the literature on placental exchange (1-5, 10, 11) . A large variety of models have been dealt with in the literature of heat exchanger design (10, 11) . We made computations on Five models of exchangers. In the pool flow exchanger is the maternal compartment, and in the double pool flow exchanger both the maternal and the fetal compartments are presumed to be thoroughly mixed. Data for crosscurrent exchanger taken from Nusselt (11). all of the exchangers shown in Figure 1 , with exception of the crosscurrent exchanger. Nusselt (11) published tabular data on the perfect crosscurrent exchanger which, when converted into our dimensionless form and graphed, showed a striking similarity with the diagrams obtained for the countercurrent exchanger (Fig. 2) . The mathematics of the crosscurrent exchanger is very different from that of the other exchangers and much more complicated. In view of the very similar patterns of exchange of the crosscurrent and countercurrent exchangers, no computations were made on the former. The equations used to compute the theoretical behavior of the other exchangers are shown in dimensionless form in Table 1 .
Calculations
The model placentas were divided into five regions of equal permeability to calculate the effects of regional variations in flow ratios. The fraction of the total fetal blood flow and the fraction of the total maternal blood flow going to each division are shown in Table 2 . A mild case and a severe case of regional variation in flow ratios were considered. Since the individual divisions were still ideal exchangers, the transfers in each division could be calculated from the equations in Table 1 . The total rate of transport was calculated by adding the contributions of each division.
The effects of regional variation in permeability were calculated by assigning unequal fractions of the total permeability to each of the five divisions. The divisions received equal parts (20%) of the fetal and maternal blood flows. Fractions of 10, 15, 20, 25, and 30% and of 4, 12, 20, 28, and 36% of the total permeability were assigned to the divisions, in mild and severe cases of regional variation in permeability, respectively.
To calculate the combined effects of regional variations in blood flows as well as in permeability, the placentas were divided into five divisions and each of the divisions into five subdivisions. These subdivisions each received one fifth of the maternal and fetal blood flows allocated to the division to which they belonged ( Table 2 ). But the subdivisions 
The variables T M , d, and R are defined in the text. Some of the equations can be found in references 1-5, 10. The original equation can be obtained by substitution of T M , R, and d (equations 1, 3, and 5). Each division contains 20% of the permeability.
Distribution of Blood Flow Ratios
received 10, 15, 20, 25, and 30% or 4, 12, 20, 28, and 36% of the one fifth of the total permeability assigned to their division, depending on whether mild or severe cases of regional variations in permeability were superimposed on the unevenly distributed flow ratios in the five divisions. The contributions of each of the 25 subdivisions of the placenta were added to calculate the total rate of transfer through the placenta. As the subdivisions were considered ideal exchangers, the equations of Table 1 applied. The numerical computations were made by an IBM 1410 and a SDS920 computer. I arbitrarily assigned the value one to the total permeability p of the placentas and to the concentrations in the maternal arterial blood, and a value zero to the concentrations in the fetal arterial blood. The values assigned to these variables are without con- Figure 2 shows the T M , T F diagrams of the ideal exchangers illustrated in Figure 1 . The meaning of T M and T F is best illustrated by the statement that the rate of transport, which will be represented by the symbol N (millimoles per unit time), is given by:
Results and Discussion

IDEAL EXCHANGERS
and ft= T F « ( C M a -C F a ) -Q F .
These equations state that at any given difference in concentration between the fetal Graphical representation of the maternal and fetal transport fractions as a function of d for the exchangers shown in Figure 1 . In this and all following figures, T il is plotted on the vertical axis and T F on the horizontal axis. The values of the R lines radiating from the origin are indicated along the top and right side of the diagrams.
FABER
The ratio T M • Q M /p is nearly constant, even if Q M changes. It follows then from equation 7 that the rate of transport under these conditions is nearly independent of the rates of maternal and fetal blood flows: Exchange is almost entirely diffusion-limited if d is less than 0.1 and R is greater than 0.2.
3. The above statements are incomplete; they are made because they cover a large number of cases occurring in practice. 5. The diagrams of the countercurrent and crosscurrent exchangers are very similar, and in another class, the diagrams of the concurrent, pool flow, and double pool flow exchangers are very similar: It is to be expected that they will be equally affected by the imperfections which will be introduced in the following paragraphs, and this is indeed what we found with our calculations. To save space, the results discussed below are shown for the countercurrent and concurrent exchangers only. The countercurrent and concurrent exchangers are a relatively effective and a relatively ineffective type of exchanger, respectively, and are representative of other exchangers in their class. It is not to be concluded that exchangers whose effectiveness is between those of countercurrent and concurrent exchangers do not exist.
Deterioration of performance of a given type of exchanger under nonideal circumstances is indicated by a displacement of the loci of d towards the origin of the diagrams. Such displacements mean that at given d and R, the values of T M and T K , and hence the rate of transfer, are decreased, relative to the ideal. Figure 4 shows the reduction in the effectiveness of an exchanger with regional variation in permeability such as appears to exist when microscopic sections of placental tissue are inspected. The values of d indicated in the diagrams were calculated by division of the total permeability, p, by Q M . There are no data in the literature to show how irregular placental permeability may be with re- Wide distribution of regional permeabilities FIGURE 4 The TM,T F diagrams for countercurrent and concurrent exchangers with severe variation in regional permeabilities.
REGIONAL VARIATION IN PERMEABILITY
spect to the distribution of blood flows. Comparison of Figures 2 and 4 shows that even a range of variation from one to nine in regional permeability does not grossly affect the overall effectiveness of an otherwise ideal placenta.
REGIONAL VARIATION IN BLOOD FLOW RATIOS
The effects of regional maldistribution of blood flows are shown in Figure 5 . The permeability was assumed to be even. The values of d were obtained by dividing the permeability by the total rate of maternal flow Q M . The reduction in the effectiveness of exchange is immediately apparent when Figure 5 is compared to Figure 2 . The exchange at values of d greater than 3 is especially reduced, whereas the exchange at values of d less than 0.1 is only slightly impaired. There is no evidence, however, that situations comparable to a "wide" distribution of regional flow ratios occur in nature. The only available experimental results that can be used to estimate the degree of regional variation in perfusion are those of Power Circulation Research, Volume XXIV, February 1969 and co-workers (13) . These workers injected macroaggregated albumen labeled with two isotopes in the maternal and fetal circulations of sheep and presented evidence that the ratios in which these particles became stuck in the small vessels equaled the ratios of blood flows in these areas.
It appears that the situation in sheep placentas is comparable to what is termed a "moderate" distribution of regional flow ratios.
Longo et al. (14) made elegant use of the fact that for relatively impermeable substances (d<0.1) the design of the placenta and also any regional variation in flow ratios become inconsequential. They calculated the permeability of the placenta to carbon monoxide (DP C O ) from their observations on the rate of transfer of this substance in the sheep placenta with intact fetal and maternal circulations. Carbon monoxide is so tightly bound to hemoglobin that the factor / is very large, hence d C o is very low. Over the limited range of concentrations they used, carbon monoxide obeys the assumptions numbered 2 through 5 reasonably well. Since the rela- the T M ,T F diagrams for countercurrent and concurrent flow exchangers with wide and moderate distribution of regional flow ratios, as specified in Table 2 .
tionship between the permeabilities of carbon monoxide and of oxygen may be assumed to depend largely on simple physical constants, these authors could specify a narrow range of permeabilities within which the permeability of oxygen must lie. Previous cal-culations of the oxygen permeability, based on observed oxtgen transfers in the sheep placenta, were thus shown to be in error, no doubt because oxygen does not fulfill the requirements of the assumptions stated at the beginning of this paper. The value of d 0 ., is of the order of one, or two, 3 so that transfer of oxygen, in contrast to transfer of carbon monoxide, is sensitive to the imperfections of the sheep placenta. It is obvious that regional variation in blood flow does not produce a unique distortion of the lines in the diagrams. For this reason, a T M , T F line of a substance to which the barrier is relatively very permeable (d > 30), which is found, for instance, to run diagonally from T M = 1 on the ordinate to T F = 1 on the abscissa, may belong to a counters According to reference 14, DPCO of the sheep placenta is approximately 0.5 milliliters of CO per minute per mm Hg partial CO pressure difference across the placenta, per kilogram of fetus. This works out to a pco (our terminology) of approximately 60,000 millimoles per minute per millimole per milliliter concentration difference, for the whole placenta. The authors (14) present evidence that D,, Oi is about 1.2 to 2 times greater than DPOO, SO that the placental permeability to oxygen (j) Ol ) is about 10"' ml/min. Assuming that the order of magnitude of the maternal blood flow through the placenta of the sheep is 500 ml/min and that /,-)-( is about 100, d lt: is found to be of the order of 2, according to equation 3. current placenta with a wide variation in regional flow ratios, but also to a concurrent placenta with no regional variation in flow ratios. It would be impossible to distinguish between these two possibilities on the basis of this kind of experimental evidence alone.
COMBINED REGIONAL VARIATION IN PERMEABILITY AND BLOOD FLOW RATIOS
The computations of the preceding paragraphs were repeated to investigate whether regional variations in permeability, which is shown to be of subordinate importance in otherwise ideal placentas, remains relatively unimportant when combined with regional variation in flow ratios. The value of the variable d was again defined by division of the total permeability by the total maternal rate of flow (Q M ). Compared to the effects of regional variation in flow ratios alone (Fig. 5) , the effectiveness of the placentas as exchangers does not significantly deteriorate after the introduction of the further imperfection of regional variation in permeability. Figure 6 summarizes these results. The lines represent from top to bottom the loci of A = 32 in: the perfect exchanger, the exchanger with regional variation in permeability, the exchanger with regional variation in flow ratios, and the exchanger with both, regional variation in permeability and flow ratios, and below that the loci of d = 1 of the same exchangers. In the countercurrent exchanger, the cadre of the graph is part of the loci of d = 32. Some of the lines coincide.
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NONEXCHANGING SHUNTS AS AN ADDITIONAL COMPLICATION
Nonexchanging shunts exert a simple effect on the relationships between the fetal and maternal transport fractions T M and T p . Provided one is dealing with an inert substance and a steady state of transfer, the concentration in the vein of such a shunt is equal to the concentration in the artery. Therefore, (9) where the symbol Q p stands for the maternal flow through the exchanging part of the placenta and C Pv for the concentration in the veins of the exchanging part of the placenta. Therefore,
In other words, the T M value of the exchanging part of the uterine circulation, ( C M a -C P T ) / (C Ma -C Fa ), must be reduced by a factor equal to the ratio of exchanging and total maternal flows, (Q P /Q M ), in order to obtain T M . Analogous reasoning applies to the effects on T F of nonexchanging shunt flow in the fetal placenta. Under these circumstances, d is defined as the ratio of placental permeability and the nonshunted fraction of the maternal flow: d = p/(Q 1 '). In the T M ,T F diagrams, the intercepts of all d lines will be multiplied by a reduction factor equal to the nonshunted fraction of the maternal and fetal flows, respectively. Figure 7 shows an example: the T M ,T P diagram of the double pool flow exchanger from Figure 2 , but with a maternal shunt of 30% and a fetal shunt of 10%. The fact that the line d -co intersects the axes at values of (1-fraction of shunted flow) is convenient when shunts must be experimentally determined. The effects of a fetal shunt of 10% and a maternal shunt of 30% on the T M ,T F diagram of an otherwise ideal double pool flow exchanger.
Circulation Research, Volume XXIV, February 1969
PLACENTAL TRANSFER
PLACENTAS OF MIXED VASCULAR ANATOMY
The reasoning applied to nonexchanging shunts applies with little modification to placentas that consist of two or more parts of different vessel arrangements. It is therefore possible, if for instance a placenta consists of countercurrent and concurrent sections, to add the contributions made by each of these to obtain the total rate of transfer. In practice, this is most easily done by adding the T M 's (and T F 's) of each of these sections after weighting them according to the fractions of the flows allocated to them. The T M , T F diagram of a mixed placenta is therefore intermediate between the diagrams of the ideal placentas of which it is made up. Unless the fractions of the total maternal flow, total fetal flow, and total permeability allocated to each section are the same, regional variations in flow ratios and permeability are superimposed on the mixing of anatomical design. There is at present no known biological justification for pursuing this further.
EXPERIMENTAL RESULTS ON A T", T^ DIAGRAM
T M and T F are defined in such a way that experimentally obtained concentrations of a given substance crossing the placental barrier may be used to calculate T M and T F .
The values so obtained can be plotted on a T M , T p diagram and compared against calculated diagrams such as the ones shown in the Figures 2, 4 , and 5. To make such comparisons informative, assumptions 2 -5 must be obeyed, and the values of d belonging to each experimental point must be known. This value can be adequately assessed under the following conditions. (1) If it can be shown that d is greater than thirty, its exact value becomes irrelevant. Examples of this case are given elsewhere (16) . (2) (3) If the substance under consideration bears a known relation to another substance whose d is known, d can be obtained from the formula by substitution of correction factors in p and Q M (or f M ), depending on the differences between the substances or between the experimental conditions. An example of this approach, based on the work by Longo et al. (14) has been discussed above. (4) If, however, d is between 0.1 and 30, its exact value may be impossible to determine unless additional information is obtained or assumed regarding the anatomical design of the placenta and the degree of regional variation in flow ratios; such assumptions are a last resort. An example is the transfer of water, discussed by us in reference 9.
Although the problem of diffusional transfer in placentas involves many variables (four arterial and venous concentrations, two blood flows, and a permeability), a comprehensive treatment of it could be given by discussing the interrelationships of only three variables, T M , T F , and d (T M /T P = R). This simplification was possible for the reason that these three variables are dimensionless; they were chosen with this particular requirement in mind. Dimensional analysis or theory of modeling is a small branch of physics that is extremely useful when an engineering problem has to be approached experimentally, often on a much smaller scale, for lack of adequate theory (15) . (A powerful example of the application of this theory to a biological problem is given in reference 8.) It is merely a systematic way of reducing the number of variables to the absolute minimum required to describe a maternal circulation, the values of T M must be corrected appropriately to allow comparison with Figures 2, 4 and 5 in which no shunts were assumed. The alternative is to define d as the ratio of placental permeability and total maternal blood flow (Q M ) instead of (Q p ). If this more simple alternative is taken, d may be read from any of the Figures 2, 4 , and 5, and the correct placental permeability will be obtained when this d is multiplied by (Q M ).
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given problem. For instance, in dealing with steady-state placental exchange, not many investigators will report both the four concentrations in uterine and umbilical arteries and veins and the two blood flows, since at least one of these variables can be expressed in terms of the others. Dimensional analysis merely continues this process of elimination of unnecessary variables to its logical extreme. Admittedly, the variables that are left over are quite unlike the original ones, but this lack of familiarity is amply compensated for by the great reduction in computational or experimental labor that ensues. "Evidently, a reduction of the number of variables in a problem greatly amplifies the information that is obtained from a few experiments" (Langhaar [15] ).
The analysis presented here can be of some help in arriving at a physical explanation for the observed rates of transfer of inert materials. The following paper (16) presents an application of this analysis to new data obtained with the placenta of the goat.
